To identify the precursors and elucidate the reaction conditions that yield heterocyclic amine mutagens in cooked meat products and fish, we have used a supernatant 2 (S2) fraction prepared from H20-homogenized lean round steak. Compounds (MW <500) in S2 are the sources of the microsomal-dependent, Salmonella TA 1538 mutagenic activity in open boiled (aqueous), 2000C pressure-heated (aqueous), or 200 to 300NC oven-baked (freeze-dried) homogenates. Combined incorporation-HPLC experiments show that they are also the precursors for frameshift mutagen formation in the outer surfaces of 200°C griddle-fried ground beef. Maximal stimulations of boiled S2 mutagenic activity are given by 10 mM Trp, 2.5 mM creatine phosphate (CP), and synergistically by 10 mM Trp + 2.5 mM CP + 1.0 mM FeSO4 (a mixture abbreviated as S*). Boiling S2 for 30 hr at the acidic optimum pH of 4.0 -* 600 TA 1538 revertants (no additions) and 1,400 revertants (+CP), while S2 -24,000 revertants/108 bacteria/g of dry beef. By the criteria of HPLC, paper electrophoresis, and resistance of the active HPLC fractions to acid-nitrite inactivation, boiled S2 contains 2-amino-3-methylimidazo[4,5-flquinoline (IQ), 3-amino-1-methyl-5H-pyrido [4,3-b]indole (Trp-P-2) and a minor amount of 2-amino-3,4-dimethylimidazo[4,5-tlquinoline (MeIQ).
Introduction
Because of its sensitivity to most tumor initiators, the Ames/Salmonella assay has been successfully employed to detect the presence of microsomal (S-9)-dependent frameshift mutagens in a variety of cooked nitrogen-rich foods, especially meats and fish (1) (2) (3) (4) . Thus far, nine heterocyclic amine mutagens have been isolated and identified structurally from 500 to 6000C pyrolyzates of amino acids and proteins, while three have been purified and identified structurally from broiled *Lawrence Livermore National Laboratory, Biomedical Sciences Division, University of California, P.O. Box 5507 L-452, Livermore, CA 94550 fish or fried ground beef (4) (5) (6) (7) (8) (9) . To date, seven of these heterocyclic amines have proven to be carcinogenic in rodent feeding studies (10) (11) (12) (13) (14) (15) . Among these seven mutagenic carcinogens are IQ, which occurs in broiled sardines and broiled or fried beef, Trp-P-2, which is found in broiled sardines, and Trp-P-1, which is reportedly in both broiled sardines and broiled beef (6) (7) (8) (9) . Most of the heterocyclic amine mutagens that have been identified from cooked fish or beef and various pyrolyzates (exceptions IQ, MeIQ, and MeIQx) are inactivated by deamination with nitrite under acidic conditions (7, 8) .
Thus, the percentage of S-9 requiring frameshift mutagenic activity that is resistant to acid-nitrite provides an estimate of the fraction of IQ-type (i.e., NH2-imida-zole containing) versus non-IQ-type (e.g., Trp-P-2, Trp-P-1) activity in a crude sample.
In order to devise ways to inhibit the thermogenesis of potent mutagens-carcinogens during the cooking or heat-processing of foodstuffs, it is necessary to know the key precursor sources, heat conditions, and reaction sequences that contribute to their appearance. Consequently, a large number of model systems have been devised by aqueously or dry heating together arbitrary concentrations or amounts of compounds that are known to exist in proteinaceous foods (16) (17) (18) (19) (20) (21) . Binary and ternary mixtures of sugars, NH40H, amino acids, proteins, fatty acids, vitamins, and creatine (creatinine) produce Salmonella mutagenic activity when heated at 100 to 250°C, but in most cases the mutagenic products remain to be identified and quantified. The foregoing is quite different from the modeling approach that we have taken, namely study mutagen formation under a variety of heating conditions with a fraction derived directly from beef muscle (20) . While our model system has not yet been simplified to a minimal number of essential reactants, it is unique and potentially offers two significant advantages: (1) the naturally occurring mutagen precursors are present near their levels and in the same relative quantities as in raw meat muscle and (2) a priori it should be possible to generate many of the heterocyclic amine mutagens that arise in cooked meat products and fish. We were guided toward the use of an H20-soluble beef fraction, in part, because various forms of beef, collectively, are a large source of the daily protein in the U.S. diet (22) . In addition, Commoner et al. found that Difco beef extract and fried hamburger contain some similar mutagens that form at moderate temperatures (23) . This has since been confirmed by the isolation of IQ and MeIQx from both bacterial and food grade beef extracts and from fried or broiled beef (7) (8) (9) (24) (25) (26) (27) . In this paper, we define the mutagen producing characteristics of a soluble beef supernatant fraction, describe its stimulation by select agents present in beef juice, and demonstrate that <500 MW compounds are the mutagen precursors, irrespective of the heating method used. This includes frying within a ground beef matrix. Evidence, during boiling, for the formation of IQ, Trp-P-2, Trp-P-1, traces of MeIQ, and an unknown mutagen is given. However, the same beef fraction, when dry-heated, is a rich source of predominantly IQ-type mutagenic activity.
Materials and Methods
Unlabeled IQ, unlabeled MeIQ, and [5-3H] (20, 29) . Pairs of ground, round steak patties (100 g, 9 cm in diameter x 1.5 cm in thickness) that had been uniformly kneaded with known equivalents of S2, R1, or R2 ( Fig. 1) were fried 10 min/side at 200°C (30) . The outer 3-mm surface layers were removed, homogenized with a Polytron (Brinkmann Instruments) in three volumes of methanol, and then filtered by vacuum suction through Whatman No. 1 paper, after magnetically stirring the homogenate 20 to 30 min at room temperature to promote equilibration. The filtered solids were extracted five more times in the same manner. Then the combined methanolic filtrates were subjected to rotary evaporation. The methanolic residues were taken up in distilled H20 (5 mL/g of original uncooked patty wt) and pH 12.0 organic extracts were prepared as described above and in Ref. 20. Ames/Salmonella TA 1538 and TA 100 mutation assays were performed by the standard pour-plate method (31), routinely using 2.0 mg of Aroclor 1254-induced rat liver S-9 per plate (20, 27) . All tabulated bacterial mutation results were derived from linear four-level doseresponse curves (20 (20, 27 (Fig. 1) , it is the source of all the S-9 dependent TA 1538 activity that can be generated by a prolonged boiling of the entire homogenate (20) . Activity from S2 is formed optimally Dry beef equivalent (g) FIGURE 4 . Source of the mutagenic activity when supernatant 2 is subfractionated by molecular ultrafiltration.
at pH 4.0 and 9.0 ( Fig. 2 ) and increases exponentially with the boiling time (Fig. 3) . No mutagenic activity can be detected upon the conversion of S, to S2. Following our initial report of the pH-dependence of mutagen formation in beef S2 (34), a pH-activity pattern very similar to that in Figure 2 was also observed for a boiled pork juice concentrate (35) . By our procedures, boiling pork S2 for 14 hr at pH 4.0 yields 70% as much TA 1538 activity as boiling beef S2 (21) . We have chosen to boil routinely at the acidic pH optimum (4.0) because it is closer to the pH (5.6) of round steak homogenate and ground beef muscle. Figure 4 shows that most of the frameshift activity in boiled S2 arises from precursors that have molecular weights of <500 daltons.
Stimulation of Boiled Supernatant 2
Proteolysis experiments and amino acid analyses suggested that select amino acids in combination with other low molecular weight compounds are the precursors for the mutagens in boiled beef muscle (21) . Stimulation studies were therefore carried out (36) by boiling S2 with increased levels of the amino acids it contains (21) and with various other compounds that are found in meat juices (37) . In these experiments, the test compound(s) was(were) added to S, (Fig. 1 (Fig. 11 ). In addition, another mutagen (peak C) elutes at the same position as Trp-P-1. Paper electrophoresis (Figs. 10 and 12) and acid-nitrite resistance assays are consistent with the presence of IQ plus the unknown mutagen in HPLC peak A, Trp-P-2 in peak B, and Trp-P-1 in peak C. Paper electrophoresis at pH 1.5 ( Fig. 10) is a very simple and useful technique for detecting the presence of IQ and MeIQ in a mutagenic organic extract or HPLC fraction. Because of their doubly positive net charges (2 protonations), the electrophoretic mobilities of IQ and MeIQ are about twice those of the other reported foodrelated, heterocyclic amine mutagens. If one finds any TA 1538 activity that migrates as a fast moving electrophoretic band, and after elution from the paper it requires S-9 and is acid-nitrite resistant, it is almost certain to be IQ or MeIQ. By increasing either the run time or the voltage, one can then distinguish MeIQ from IQ because the latter moves slightly faster.
To verify the identities of the foregoing HPLC peaks A, B, and C, large-scale purifications were undertaken. Mutagenic peaks A and B were purified to homogeneity 4800-fold and 2400-fold, respectively, and stockpiled from multiple 960 g equivalent batches of dry beef (Table 4). By the same isolation steps, HPLC peak C was purified to homogeneity after only a 17-fold enrichment, based on TA 1538 activity/A260nm unit. Ample amounts of mutagenic peak C were isolated from a single 480 g equivalent batch of dry beef (Table 4) . Since peak C represents only 10 to 15% of the total activity in boiled S* (Fig. 11) , its true corrected recovery in Table 4 is near 40% rather than the apparent 4.3%. The lightabsorption spectra of purified peaks A, B, and C exactly match those of authenic IQ, Trp-P-2, and Trp-P-1, respectively (29) , and their mass fragmentation spectra closely mimic those of the same corresponding standards (Figs. 13-15 ). Table 5 summarizes the mutagenic activities, the acid-nitrite resistances, and the amounts of the major mutagens in 30 hr boiled S2, S2 + CP, and S*. Boiled basal S2 contains IQ, Trp-P-2, and traces of MeIQ (Fig. 7A ). In the presence of added CP, minor amounts of MeIQ again appear ( Fig. 7B plus paper electrophoresis data not shown), but more IQ (2-fold) and an unknown nitrite-resistant mutagen form (Fig. 9A) at the expense of Trp-P-2 (Table 5 ). Boiled S* contains more MeIQ (Fig. 11 and paper electrophoresis data not shown) and the same unknown nitrite-resistant mutagen (Fig. 11A) . However, the synergistic stimulation (Table 3 ) markedly increases both IQ (8-fold) and Trp-P-2 (34-fold) and generates large amounts of Trp-P-1 (Table 5 ). Together, Figure 11 and Table 5 are a good illustration of the fact that Salmonella activity does not equate to quantity of mutagen in mixtures that contain mutagens of widely differing mutagenic potencies. In our hands, the TA 1538 mutagenicities of purified peak A (or IQ), purified peak B (or Trp-P-2), and purified peak C (or Trp-P-1) per A260nm unit are 1.12 x 106, 5 .56 x 106, and 3.0 x 104, respectively. These results demonstrate that cooked food-related heterocycic amine mutagens (4-9) can form in H20 at 100°C, either from small precursors already in the S2 fraction or when stimulated further by select compounds that appear to be rate limiting in S2. bTo convert mutagen yields to ng/g wt wet equivalent of original beef each value should be multiplied by 0.28. To convert mutagen yields to ng/g of supernatant 2 dry weight each value should be multiplied by 20.
'Percent of the acid control lacking NaNO2. When NaNO2 was omitted from the incubation mixture, the yields of mutagenic activity were >95% of the original sample TA 1538 activities. All residual activities were S-9 dependent. Corresponding data for the standards IQ, Trp-P-2, and Trp-P-1 were 95%, 0%, and 1%, respectively. d Not detectable. b Numbers in parentheses give the average net revertants/g dry beef when the Salmonella mutagen assays lacked S-9.
'Percent of the acid control lacking NaNO2. Corresponding data for the standards IQ and Trp-P-2 were 95% and 0%, respectively.
d ND = not determined.
Supernatant 2 Heated at Higher Temperatures
The objective was to reach temperatures comparable to frying or broiling meat surfaces and yet avoid the use of high temperature boiling solvents and avoid extreme temperatures above 300°C in order to minimize mutagen formation via the pyrolysis of individual amino acids and proteins. Three heating methods were used: dry oven-baking (lyophilized material), aqueous solution (pressure), and frying (stainless steel griddle) within a ground beef matrix. Dry oven-baking was employed to simulate the dry heat conditions which likely prevail when sun-dried fish surfaces are broiled, when most of the H20 has evaporated from the surface contact points of frying ground beef, or when dehydration occurs and scorched solids accumulate during the final stages of concentrating beef extracts to a thick dark paste (personal communication to R.T. Taylor from a commercial supplier). Dried fish and meat surface substances can then be subjected to much higher temperatures (150-300°C), since heat transfer is no longer consumed by the latent heat of vaporization of H20 at these localized points. Figure 16 shows that no mutagenic activity appears after dry-heating S2 for 3 hr at 100°C, but a large amount of activity forms at 200°C and much more at 3000C. At 3000C, TA 1538 activity increases almost linearly for the first 45 min, with no time lag as seen at 200°C. Table 6 summarizes the mutagenicity data for round steak fractions that were solution (pressure) or dry-heated. Again, low molecular weight compounds in the S2 fraction are the sources of the activities which are two orders of magnitude greater ( Oven-baking time (min) FIGURE 16. Effect of dry heating time at three temperatures on the TA 1538 activity of oven-baked, lyophilized supernatant 2.
resistant (Table 5) , about 60% is resistant in solution (pressure) heated S2 and about 90% is resistant in ovenbaked S2 (Table 6 ). Comparison of the analytical reverse phase HPLC elution proffles for boiled S2 (Fig. 7A ), 200°C solution (pressure) heated S2 (Fig. 17A) , and 200°C dry-heated S2 (Fig. 18A) confirms that the activities are shifted toward IQ-type elution patterns. At 200°C, they are also more complex wvith respect to the numbers of mutagens generated. However, 2000C solution (pressure) heated S2 still contains a distinct major peak of activity that coelutes with [3H]Trp-P-2 (Fig. 17A) . This is consistent with 40%o of the TA 1538 activity displaying non-IQ-type sensitivity to acid nitrite (Table 6 ). In contrast, this peak is a minor part of the activity profile for 200°C dry-heated S2 that contains a higher proportion of more polar mutagenic activity (Fig. 18A ). This agrees with only 10% of the 200°C dry heated S2 activity being nitrite-sensitive or non-IQ-type mutagens ( Table 6 ). The close similarities of the Sa versus S2 activity profiles within Figures 17 and 18 indicate that the 30 min boil needed to prepare S2 from Si ( Fig. 1) (30) . Figure 19 demonstrates that uniformly kneading either lyophilized S2 or <500 MW S2 into ground beef patties increases their Equivalents of S2, < 500 M.W. S2, R1, or R2 added/100 g patty FIGURE 19 . Effect of uniformly incorporated (kneaded) round steak fractions on the mutagenic activity of fried ground beef patties (100 g initial weight).
subsequent mutagenic activity (outer 3 mm layers extracted and assayed). The observed increases are directly proportional to the number of 100 g wet beef equivalents that were added. Importantly, each successively added equivalent of S2 or <500 MW S2 boosts the mutagenic activity by a multiple of the basal mutagenicity (260 l A 1538 revertants/108 bacteria/g of wet patty). Moist R1 and R2 lower the mutagenic activity of the fried patties, due to the replacement of the endogenous S2 precursors by inert, non-precursor materials (Fig. 19) . When 1.5 equivalents of R1 are incorporated/100 g final wet weight, one is essentially frying an "R1 patty" because this fraction comprises most of the solids in round steak (Fig. 1) . The S2 or <500 MW S2-promoted activity increments are about 95% acidnitrite resistant, like the control patty activity (Fig. 19,  inset) . This indicates the presence of predominantly IQtype mutagenic activity in both the control and the stimulated fried hamburgers. Accordingly, despite some cook to cook variations, most of the control hamburger activity elutes from the analytical reverse phase HPLC column in fractions 13-35, i.e., in the same region as polar IQ-type mutagens (Fig. 20) . The same applies for the mutagenic activity produced from the incorporated <500 MW S2 substances (Fig. 21 ). In the less polar elution region of these profiles, there is definitely an enhancement of activity in fractions 55-65. However, it represents 10% or less of the total recovered activity.
Discussion
Several groups have examined the effects of timetemperature on the mutagenicity of fried ground beef or boiled-dehydrating beef stock (23, 30, (39) (40) (41) . Bjeldanes et al. fitted their fried hamburger data to an equation in which the mutagenic activity has a very large exponential dependency on temperature at the ground beef surface-cooking surface interface (30) . However, the mutagenicity of fried ground beef is also markedly dependent on the initial H20 content of the patty. It increases 9-fold as the starting H20 content is varied (Tables 5 and 6 ). They also show that the number and types of mutagens change with temperature. In solution, many more mutagens form from S2 after 2 hr at 200°C (Fig. 17A) , than after 30 hr at 98 to 100NC (Fig.  7A ). Yet, the proportion of non-IQ-type activity is still significant in 200°C solution (pressure) heated S2 (Table  6 ; Fig. 17A ). In a lyophilized state, many more mutagens are also produced by oven-baking S2 for 2 hr at 300NC (HPLC activity profile not shown), than at 200°C (Fig. 18A) . In Table 6 , note that S2 produced the same amount of total activity after 2 hr at 200°C, whether it was solution or dry heated. However, a differing distribution of mutagens and a much higher proportion of IQ-type compounds are present in 200NC dry versus solution-heated S2 (Fig. 17A, Fig. 18A ; Table 6 ). We conclude that H20 is an important reactant that influences the types of mutagens formed at a given temperature.
To validate that food-related heterocyclic amines form when S2 is dry-heated for 2 hr at 200°C, several mutagenic HPLC peaks are being purified by the steps in Table 4 . From one active peak we have isolated IQ and determined that 18 ng are formed per g dry beef equivalent (R. T. Taylor and E. Fultz, unpublished results). This is 13 times the amount of IQ formed by boiling S2 for 30 hr at pH 4.0 (Table 5 ), but it represents only 9% of the total activity, instead of the 50% in boiled S2 (Fig. 7A) (42) . Finding that CP doubles the formation of IQ from boiled S2 (Table 5 , Fig. 7B ) also indicates that CP or one of its degradation products is a precursor for IQ, most likely the NH2-imidazole ring moiety. However, it remains to be seen whether the much larger amounts of IQ generated from 2 hr, 200NC dry-heated S2 are derived by utilizing Pro as a coprecursor. It seems doubtful. Based on our amino acid data (21) , there are only 2.1 mg of Pro/g of freeze-dried S2.
In contrast to a consensus that IQ is a major mutagen in commercial beef extracts (24) (25) (26) , the amounts of IQ in fried or broiled beef and the role of fat in cooked beef mutagen formation need some clarification. The contents of IQ reported by various investigators varies from none (24) , to 0.02 (27) , to -0.6 (8, 43) , to 20.1 (43) ng/g of cooked or uncooked beef. Spingarn et al. found that raising the fat content of ground beef patties from 6.9% to 16.4% increased their mutagenic activity, after frying, about 5-fold. Additional fat lowered this enhanced activity (44) . A similar pattern was observed by M. Knize and J. S. Felton (personal communication). Weisburger's laboratory also reported that frying 10.6% fat-ground beef yields 0.53 ng, while frying 27.5% fatground beef results in 20.1 ng of IQ per g of original meat (43) . This 40-fold increase in IQ (43) is not compatible with their previous fried beef mutagenic activities and their stimulations by fat (44) .
From the standpoint of modeling or considerations of mutagen formation pathways, it is important to know whether or not lipids (fats) are a source of essential coprecursors. If not, how do they indirectly affect the mutagenicity of cooked beef? Currently, we favor the view that lipids do not appreciably contribute coreactants for mutagen formation-at least in cooked beef and pork. First, small H20-soluble compounds in S2 appear to be the precursors for mutagen production, even when they are incorporated into a hamburger matrix and fried (Figs. 19-21 ). If endogenous fats supply coreactants in Figure 19 , they would have to be in sufficient excess to accommodate 10-patty equivalents of the S2 precursors. Otherwise, the stimulation of mutagenic activity would not be linear. Second, in the preparation of S2 (Fig. 1) (46) . By refluxing any one of several amino acids with creatine or creatinine (Cre) and D-glucose (Glc) for 2 hr at 128 to 130°C in a 6:1 diethylene glycol-H20 solvent system, Jagerstad et al. obtained high levels of frameshift mutagenic activity (18, 47) . In this solvent system, refluxing 0.33 M Cre + 0.33 M Gly + 0.17 M Glc yielded MeIQx as the major mutagen (90% of the activity) (48) and 7,8-DiMeIQx as a minor mutagen (10% of the activity) (49) . After refluxing for 2 to 3 hr in a 5:1 diethylene glycol-H20 solvent system, Matsushima (50) also isolated and identified MeIQx and 7,8-DiMeIQx from Cre + Gly + Glc. From the refluxed combinations Cre + Ala + Glc, Cre + Thr + Glc, and Cre + Ala + ribose, MeIQx and 4,8-DiMeIQx were identified (50) . These findings have created much interest because MeIQx is a mutagen that is common to both commercial beef extracts and fried beef (8, (24) (25) (26) (27) . A possible route to the formation of both IQ and MeIQx was suggested in which the Maillard products 2-methylpyridine and 2,5-dimethylpyrazine, respectively, are key intermediates (47) . However, these compounds stimulated the mutagenic activity of refluxed Cre + amino acid + Glc mixtures only 2-fold at most (18, 47) . We observed no enhancement by 2,5-dimethylpyrazine of the mutagenic activity of S2 that was boiled + CP (Table 2) .
Although it is attractive to envision Maillard products as intermediates in the formation of NH2-imidazoquinoxaline mutagens (MeIQx, 7,8-DiMeIQx and 4,8-DiMeIQx), their role in the formation of other kinds of food-related heterocyclic amines is less appealing. In ethylene glycol-H20 solvent systems containing Cre + amino acid + Glc, mutagen thermogenesis seems to be highly directed toward NH2-imidazoquinoxaline compounds (48) (49) (50) . Very little of other types of heterocyclic amine mutagens seem to be generated. However, both boiled (Table 5 ) and dry-heated S2 (discussed above) and boiled-dehydrated beef extracts (24) (25) (26) contain many parts per million of IQ. And some IQ can be formed without a reducing sugar, from dry-heated Cre + Pro (42) . Moreover, it is not obvious how Maillard amino acid-sugar products might be involved in the formation of the Trp-P mutagens from boiled S2 mixtures (Table  5) . D-Glucose actually lowers the synergistic mutagenicity of boiled S5 in which the major products are IQ, Trp-P-2, and Trp-P-1 ( Table 5 ). The inability of reducing sugars to stimulate the mutagenic activity of boiled S2 + CP (36) (Table 2) indicates that either they are not involved in our S2 fraction, or else they are not rate limiting in aqueous solutions. Our inability to detect MeIQx in both boiled S2 + CP and boiled S* may reflect the need for temperatures above 100°C in order to form significant amounts of NH2-imidazoquinoxaline mutagens. Jagerstad et al. stated that no mutagenic activity was produced by boiling Cre + amino acid + Glc in H20 (18) . The rationale for a diethylene glycol-H20 solvent mixture was to permit reflux temperatures approximately 130°C and thereby accelerate mutagen thermogenesis (18,4 7) . It will be of interest to ascertain whether our S2 that is aqueous (pressure) or dry-heated at 200°C (Table 6 ) contains significant amounts of MeIQx. It is reported that meat muscle contains only 0.1 to 0.2% (wet wt) glucose + glycolytic intermediates (51, 52) . Therefore, it would be of interest to know whether and how much MeIQx would be generated in 2 to 3 hr at 130°C if its concentration in Cre + amino acid + Glc mixtures was lowered to the mM levels that occur in meats and in our S2 fraction. Autoclaving our S2 for 2 to 3 hr at 121°C yields very little mutagenic activity (57 TA 1538 revertants/108 bacterialg dry beef).
Thus, an aqueous heating temperature of 120 to 130°C is inadequate for rapid mutagen formation from the concentrations of endogenous precursors that approximate those in beef muscle.
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